J
ewish religion and culture can be traced back to Semitic tribes that lived in the Middle East approximately 4,000 years ago. The Babylonian exile in 586 B.C. marked the beginning of major dispersals of Jewish populations from the Middle East and the development of various Jewish communities outside of present-day Israel (1) . Today, Jews belong to several communities that can be classified according to the location where each community developed. Among others, these include the Middle Eastern communities of former Babylonia and Palestine, the Jewish communities of North Africa and the Mediterranean Basin, and Ashkenazi communities of central and eastern Europe. The history of the Jewish Diaspora-the numerous migrations of Jewish populations and their subsequent residence in various countries in Europe, North Africa, and West Asia-has resulted in a complex set of genetic relationships among Jewish populations and their non-Jewish neighbors. Several studies have attempted to describe these genetic relationships and to unravel the numerous evolutionary factors that have come into play during the Diaspora (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) . Some of the key arguments in the literature concern the relative contributions of common ancestry, genetic drift, natural selection, and admixture leading to the observed similarities and differences among Jewish and non-Jewish communities.
Given the complex history of migration, can Jews be traced to a single Middle Eastern ancestry, or are present-day Jewish communities more closely related to non-Jewish populations from the same geographic area? Some genetic studies suggest that Jewish populations show substantial non-Jewish admixture and the occurrence of mass conversion of non-Jews to Judaism (2, 3, 10, 12) . In contrast, other research points to considerably greater genetic similarity among Jewish communities with only slight gene flow from their respective host populations (5, 7, 9, 11, 13) . Furthermore, it has been demonstrated that the degree of genetic similarity among Jewish communities and between Jewish and non-Jewish populations depends on the particular locus that is being investigated (4, 8, 11) . This observation raises the possibility that variation associated with a given locus has been influenced by natural selection.
All of the aforementioned investigations used ''classical'' genetic markers such as blood groups, enzymes, and serum proteins, as well as immunoglobulins and the HLA system. More recently, restriction fragment length polymorphism studies were initiated by using mitochondrial DNA (mtDNA), the nonrecombining portion of the Y chromosome (NRY), and other nuclear loci (14) (15) (16) (17) (18) (19) (20) . An advantage of nucleotide-level studies is that they circumvent some of the complications associated with selection; however, these studies have not fully resolved many of the key issues in the earlier literature.
Analyses of mtDNA and the NRY are especially relevant to studies of Jewish origins because, according to ancient Jewish law, Jewish religious affiliation is assigned maternally (1) . In particular, studies of paternally inherited variation provide the opportunity to assess the genetic contribution of non-Jewish males to present-day Jewish genetic diversity. This research represents one of the first comparisons of biallelic variation on the NRY in Jewish and non-Jewish populations from similar geographic areas. We surveyed 18 biallelic polymorphisms in 7 Jewish and 22 non-Jewish populations from Europe, the Middle East, and Africa to assess the relative contributions of common ancestry, gene flow, and genetic drift in shaping patterns of NRY variation in populations of the Jewish Diaspora.
Mutation Detection. Mutation detection analysis was performed by using single-stranded conformation polymorphism (SSCP) (25) and denaturing high-performance liquid chromatography (DHPLC) (26) . The DYS211 (GenBank accession no. G11997) and DYS221 (GenBank accession no. G12000) sequence-tagged sites were amplified by using the conditions and primers reported by Vollrath et al. (27) . The Y-specific clones 4-1 (DYS188) and 3-8 (DYS194) (28) were sequenced by primer walking (GenBank accession nos. AF257063 and AF257064), and the sequence information was used to design primers to amplify shorter fragments for DHPLC analysis. DNA sequencing was performed by standard procedures to identify mutations that caused altered electrophoretic mobility on SSCP gels or altered DHPLC chromatograms.
Allele-Specific Genotyping Assays. Variation at the DYS188 792 and DYS194 469 polymorphic sites was genotyped by using allele-specific PCR (29) . Genotyping of the DYS221 136 C3T transition and DYS211 105 A3T transversion was performed by site-specific oligonucleotide hybridization (30) . The PCR conditions and primer sequences used in these allele-specific genotyping assays were deposited in the National Center for Biotechnology Information dbSNP database (http:͞͞www.ncbi.nlm.nih.gov͞SNP). The p12f2 polymorphism at DYS11 was genotyped by using the PCR assay developed by M. Shlumukova, M. E. Hurles, and M.A.J. (unpublished results). DYS287 (YAP) was scored according to the method of Hammer and Horai (31) . All other single-nucleotide polymorphisms and variation in the length of the polydeoxyadenylate tract (polyA tail) at the 3Ј end of the YAP element were genotyped according to methods reported by Hammer et al. (32) and Karafet et al. (33) .
Statistical Analyses. Genetic distances based on haplotype frequencies were estimated by using the PHYLIP package (34) . We also used ARLEQUIN (35) to test the hypothesis of a random distribution of haplotypes among population groups and to perform analyses of molecular variance (AMOVA). AMOVA produces estimates of variance components and F-statistic analogs (⌽-statistics) reflecting the correlation of haplotypic diversity at different levels of hierarchical subdivision (36) . Multidimensional scaling (MDS) (37) was performed with maximum likelihood estimation by using the program MULTISCALE (Ramsay, ftp:͞͞ego.psych.mcgill.ca͞pub͞ ramsay͞multiscl). Genetic distances among populations were regressed on geographic distances for all pairs of populations. Because these data points were not independent, the significance of each regression was assessed by a Mantel test (38) . The mean and standard deviation of the time to the most recent common ancestral NRY sequence as well as the ages of each of the mutations in our cladogram were estimated by using the program GENETREE (39), as described in Hammer et al. (32) . Simulations were based on five million replicate runs and values of 3.0, 3.5, 4.0, and 4.5, where is an estimate of the average number of polymorphic sites in the length of NRY sequence screened for variation.
By using the computer program ADMIX1_0 (40), we estimated admixture proportions (m) and their standard deviations based on 1,000 bootstrap runs. To infer the Y-chromosome-haplotype frequencies of the Jewish parental population (P1), we averaged the haplotype frequencies of North African, Near Eastern, Yemenite, and Kurdish Jewish samples. To obtain the Y-chromosomehaplotype frequencies of the parental European population (P2), the haplotype frequencies from German, Austrian, and Russian samples were averaged. To estimate P2 for the cases of the Roman Jews and the Lemba, we used the frequencies of Y-chromosomehaplotypes in our Italian sample, and a sample of 86 South African East Bantu speakers (30) , respectively. The approach of Shriver et al. (41) was followed in selecting the haplotypes exhibiting the highest frequency differential (␦) between the two parental populations for use in the admixture analyses.
Results
Haplotype Tree. During the course of this research, four Y-specific polymorphisms were discovered: a C3T transition at position 792 of DYS188 (DYS188 792 C3T), a C3A transversion at position 469 of DYS194 (DYS194 469 C3A), a C3T transition at position 136 of DYS221 (DYS221 136 C3T) and an A3T transversion at position 105 of DYS211 (DYS211 105 A3T). Comparisons with the homologous NRY sequences from great apes allowed us to infer the ancestral states at these sites. The character states at all 18 polymorphic sites gave rise to 19 Y-chromosome haplotypes in worldwide populations, 17 of which were present in the 1,371 Ychromosomes sampled in this survey. Fig. 1 shows the evolutionary relationships among these 19 Y-chromosome haplotypes. We refer to the most basal haplotype defined by the DYS188 792 C3T mutation as haplotype 1R. Three of the polymorphisms described here mark lineages that are descended from haplotype 1R: the p12f2 8-kb allele (Med haplotype), the DYS221 136 -T allele (haplotype 1Ha), and the DYS211 105 -T allele (haplotype 1Hb). Haplotype 1R is also the ancestor of a set of lineages defined by M9, an ancient C3G transversion polymorphism (26) . The DYS194 469 -T allele defines a lineage (haplotype 1L) that is a member of the 1C clade, itself defined by the DYS257 182 G3A transition (32) . In previous haplotype trees (32), YAP ϩ haplotype 4 was differentiated from haplotype 3A by two mutational events. An intermediate haplotype with the PN2-T allele and the poly(A)-L allele provides evidence that the PN2 C3T transition occurred before the poly(A) L3S deletion. This haplotype, called YAP ϩ haplotype 4L (Fig. 1) , was found only in seven Ethiopian males (Jewish and non-Jewish).
Coalescence Analysis. Fig. 1 also presents the mean age estimates for the 18 mutational events in the Y-chromosome-haplotype tree based on a value of 3.5. This value of produced results that were in excellent agreement with runs based on values between 3.0 and 4.5. In particular, the estimated ages of mutations Ͻ60,000 years old did not change appreciably as values varied (data not shown). The estimated ages of the polymorphisms reported here were Ϸ60,000 Ϯ 23,000 years for the DYS188 792 C3T transition; 22,600 Ϯ 8,300 years the poly(A) L3S deletion; 14,800 Ϯ 9,700 years for the p12f2 8-kb deletion; 10,000 Ϯ 5,100 years for the DYS194 469 C3A transversion; and 6,500 Ϯ 7,900 years for the DYS221 136 C3T transition.
Geographic Distribution of Y-Chromosome Haplotypes. Of the 13 Y-chromosome haplotypes present in Jewish populations, 8 were found at frequencies of Ն5% (Table 1) . Nearly all Jewish populations were characterized by relatively high frequencies of two haplotypes (Med and YAP ϩ 4S). Ethiopian Jews were distinguished from other Jewish populations by the presence of moderately high frequencies of haplotypes 1A and 4L (20% each), as well as by the absence of haplotypes 1C, 1D, and 1L.
There was a remarkable similarity in Y-chromosome haplotype composition and average frequency in Jewish and non-Jewish Middle Eastern populations ( Table 1) . Many of the same haplotypes present in Jewish and Middle Eastern populations were also present in samples from Europe, although at varying frequencies. For example, although the Med haplotype was found at significantly lower frequencies, haplotype 1L was extremely common, especially in northern Europe. Interestingly, the Med and YAP ϩ 4S haplotypes accounted for Ϸ76% of North African Y chromosomes. In contrast, sub-Saharan African populations were characterized by an almost completely different set of haplotypes.
Genetic and Geographic Distances Among Populations. The ''among populations'' variance component (⌽ ST ) for the Ashkenazi, Roman, North African, Near Eastern, Kurdish, and Yemenite Jews (the lowest ⌽ ST value of the five population groups analyzed in Table 2 ) indicated that these Jewish populations were not significantly different from one another. A series of pairwise differentiation tests in which 13 of 15 Jewish population pairs were not statistically different confirmed this result (data not shown). Furthermore, the mean Jewish interpopulation Chord (42) distance value was lower than that for any other population group (data not shown). It is of particular interest that the level of divergence among Jewish populations was low despite their ‡ Results of population differentiation tests between groups are shown above the diagonal: ''Ϫ,'' not significantly different (P Ͼ 0.03), and ''ϩ,'' significantly different (P Յ 10 Ϫ5 ). 
high degree of geographic dispersion. The mean geographic distance among these six Jewish populations was Ϸ3,000 km. This value was greater than the mean geographic distances of the Middle Eastern (Ϸ600 km) and European (Ϸ1,700 km) groups and was comparable to that for the North African group (Ϸ2,900 km). In fact, these Jewish populations had the lowest ratio of genetic-to-geographic distance of all groups in this study.
We then tested for correlations between genetic and geographic distances. There was a linear relationship between the Chord distance matrix and the geographic distance matrix of the non-Jewish populations from Europe, West Asia, and North Africa (r ϭ 0.620, P ϭ 0.0003). In contrast, the genetic and geographic matrices of the six Jewish populations analyzed above were not significantly correlated (r ϭ 0.081, P ϭ 0.394). To test whether this difference was the result of lower power caused by the smaller number of Jewish samples compared with non-Jewish samples (n ϭ 16), we repeated the test by using six matched non-Jewish populations (Germans, Russians, Tunisians, Palestinians, Saudi Arabians, and Italians), which best represented the geographical locations of our Jewish samples. The correlation between the genetic and geographic distance matrices was still significantly positive (r ϭ 0.469, P ϭ 0.047).
Genetic Affinities Among Populations. Fig. 2 shows the results of multidimensional scaling based on Chord genetic distances. The correlation between the original Chord distance matrix and a Euclidean distance matrix derived from the two-dimensional plot was very high (r ϭ 0.971). Sub-Saharan African, North African, and European populations formed three distinct clusters. The Ashkenazi, Roman, North African, Near Eastern, Kurdish, and Yemenite Jewish populations formed a fairly compact cluster between the North African and European groups. This Jewish cluster was interspersed with the Palestinian and Syrian populations, whereas the other Middle Eastern non-Jewish populations (Saudi Arabians, Lebanese, and Druze) closely surrounded it. Of the Jewish populations in this cluster, the Ashkenazim were closest to South European populations (specifically the Greeks) and also to the Turks. The Ethiopian Jews were placed close to the non-Jewish Ethiopians. The Lemba were located roughly halfway between the sub-Saharan African and Jewish clusters.
The close genetic affinity of Jewish and Middle Eastern non-Jewish populations was confirmed in population differentiation tests (Table 2) . Pairwise comparisons between population groups indicated that only 0.8% of the total genetic variance in Jewish and Middle Eastern non-Jewish populations was attributable to between-group differences. This was, by far, the lowest ⌽ ST value of any of the 10 comparisons in Table 2 , and the only value that was not statistically significant.
Population Structure. When AMOVA was performed on populations grouped according to a combination of geographical and religious criteria (e.g., on Jews, Middle Eastern non-Jews, Europeans, and North Africans), 11.9% of the total genetic variance was attributable to differences among groups, 82.5% was attributable to differences within populations, and only 5.6% was partitioned among populations within groups (Table 3 , part A). A series of analyses was carried out to identify the extent of among-group variation in pairwise groupings (Table 3 , part B). Pairwise comparisons with the North African group tended to produce the highest between-group (⌽ CT ) values, indicating greater population differentiation between North African and non-African populations. The among-group variance component was statistically significant in all pairwise comparisons except one: only 0.3% (P ϭ 0.318) of the total variance was partitioned between Jewish and Middle Eastern non-Jewish groups.
When AMOVA was performed on populations grouped according to a strict geographic criterion (e.g., we categorized Ashkenazim and Roman Jews with Europeans, North African Jews with North Africans, and Near Eastern, Kurdish, and Yemenite Jews with Middle Eastern non-Jews), there was a considerable decrease in the amount of variation partitioned among groups (Table 3 , part C). For example, ⌽ CT values decreased by Ϸ23% in the joint analysis of the Middle Eastern, European, and North African groups (in Table 3 , compare part A1 with part C1 ); and in the pairwise comparisons of Middle Eastern͞European, Middle Eastern͞North African, and European͞North African groups the ⌽ CT values decreased by 68% (Table 3 , part B3 vs. part C2), 22% (part B5 vs. part C3), and 43% (part B6 vs. part C4), respectively. These results indicate that religious affiliation is a better predictor of the genetic affinity among most Jewish populations in our survey than their present-day geographic locations.
Admixture. Table 4 shows the haplotypes with the highest frequency differential between the parental populations and a summary of the admixture estimates for the Ashkenazim, Roman Jews, and the Lemba. Among the Ashkenazim, haplotypes Med and 1L were the most diagnostic for distinguishing the parental Jewish (P1) and Table 2 , except in ''Geographic analysis'' (see text); †, ⌽ CT ϭ % variance/100; ‫,ءء‬ P Ͻ 0.01; ‫,ء‬ P Ͻ 0.05; ns, P Ͼ 0.05. ns, no significant difference.
parental European (P2) population components. All other haplotypes had ␦ values below 20% (data not shown). The m values based on haplotypes Med and 1L were Ϸ13% Ϯ 10%, suggesting a rather small European contribution to the Ashkenazi paternal gene pool. When all haplotypes were included in the analysis, m increased to 23% Ϯ 7%. This value was similar to the estimated Italian contribution to the Roman Jewish paternal gene pool. Our admixture estimates for the Lemba were consistent with Spurdle and Jenkins' (24) conclusion that Ϸ40% of Lemba Y chromosomes are of sub-Saharan ancestry. The presence of three haplotypes at very low frequencies (0.3-1.5%) in Jewish and Middle Eastern non-Jewish populations (1A, 3A, and YAP ϩ 5) may be explained by low levels of gene flow from sub-Saharan African populations. This conclusion is consistent with the observed presence of low frequencies of African mtDNA haplotypes in Jewish populations (16) . Two haplotypes (1U and 1C) that are common in Asian populations (33) were present at low frequencies in Jewish and Middle Eastern non-Jewish populations (Table 1) . Continued surveys of West and Central Asian populations are needed to test the hypothesis of gene flow between Asian and Middle Eastern populations.
Discussion
Evidence for Common Jewish Origins. Several lines of evidence support the hypothesis that Diaspora Jews from Europe, Northwest Africa, and the Near East resemble each other more closely than they resemble their non-Jewish neighbors. First, six of the seven Jewish populations analyzed here formed a relatively tight cluster in the MDS analysis (Fig. 2) . The only exception was the Ethiopian Jews, who were affiliated more closely with nonJewish Ethiopians and other North Africans. Our results are consistent with other studies of Ethiopian Jews based on a variety of markers (16, 23, 46) . However, as in other studies where Ethiopian Jews exhibited markers that are characteristic of both African and Middle Eastern populations, they had Y-chromosome haplotypes (e.g., haplotypes Med and YAP ϩ 4S) that were common in other Jewish populations.
Second, despite their high degree of geographic dispersion, Jewish populations from Europe, North Africa, and the Near East were less diverged genetically from each other than any other group of populations in this study ( Table 2 ). The statistically significant correlation between genetic and geographic distances in our non-Jewish populations from Europe, the Middle East, and North Africa is suggestive of spatial differentiation, whereas the lack of such a correlation for Jewish populations is more compatible with a model of recent dispersal and subsequent isolation during and after the Diaspora.
To address the degree to which paternal gene flow may have affected the Jewish gene pool, we estimated approximate admixture levels in our Jewish samples from Europe. This question remains unresolved in particular for the Ashkenazi community. Our results indicated a relatively minor contribution of European Y chromosomes to the Ashkenazim. If we assume 80 generations since the founding of the Ashkenazi population, then the rate of admixture would be Ͻ0.5% per generation (47) . Interestingly, our total admixture estimate is very similar to Motulsky's (8) average estimate of 12.5% based on 18 classical genetic markers. However, the 18 markers in Motulsky's (8) study fell into two classes: a low admixture class and a high admixture class. Similarly, Cavalli-Sforza and Carmelli (48) found significant heterogeneity of admixture rates for different loci in the Ashkenazim. Because admixture should affect all loci to the same degree, there are two possible explanations for the heterogeneity: (i) admixture levels are actually low, and some loci are affected by convergent selection (e.g., in a common environment), or (ii) admixture levels are actually high, and some loci are experiencing stabilizing selection. Motulsky (8) interpreted the bimodal distribution of admixture values in terms of the former model. Because the NRY has few functional genes and is not likely to have been affected by recent selective sweeps (49, 50) , our admixture results support the low admixture model.
Middle Eastern Affinities.
A Middle Eastern origin of the Jewish gene pool is generally assumed because of the detailed documentation of Jewish history and religion. There are not many genetic studies that have attempted to infer the genetic relationships among Diaspora Jews and non-Jewish Middle Eastern populations. A number of earlier studies found evidence for Middle Eastern affinities of Jewish genes (4, 5, 7, 51) ; however, results have depended to a great extent on which loci were being compared, possibly because of the confounding effects of selection (4) . Although the NRY tends to behave as a single genetic locus (52) , the DNA results presented here are less likely to be biased by selective Evolutionary Processes. What do these results tell us about the evolutionary factors that have shaped the structure of the Jewish paternal gene pool? At the most basic level, the genetic distances observed among Jewish and non-Jewish populations can be interpreted as reflecting common ancestry, genetic drift, and gene flow. The latter two processes will tend to increase genetic distances among Jewish populations, whereas admixture will also have the effect of decreasing genetic distances between Jewish and nonJewish populations. Our results suggest that common ancestry is the major determinant of the genetic distances observed among Jewish communities, with admixture playing a secondary role. A somewhat surprising result is the small effect that genetic drift appears to have had on genetic distances among Jewish populations. The effects of genetic drift are expected to be greater for Jewish populations because of their reduced effective size during dispersal and as isolated subpopulations in the Diaspora. For the NRY, the effects of drift are expected to be even greater because of its haploid mode of transmission and smaller effective size relative to other nuclear genes. The exaggerated effects of drift were not readily apparent, possibly because large numbers of males participated in the numerous migrations of Jewish populations from the Middle East and within various countries in Europe, North Africa, and West Asia. If we accept this possibility, then the higher relative degree of scatter observed among Jewish populations in discriminant analyses of classical genetic markers (4, 53) may be explained by a combination of drift and selection. At least two alternative hypotheses should be considered: (i) high rates of recurrent Jewish male gene flow around the Mediterranean, Europe, and the Near East, and͞or (ii) higher rates of female gene flow introducing non-Jewish variation into the Jewish gene pool (54) . Although some mtDNA studies suggest close affinities of Jewish and Middle Eastern populations (14, 16) , comprehensive comparisons of mtDNA variation in Jewish and neighboring non-Jewish populations are not yet available. However, the existing mtDNA data do suggest that contemporary Jewish populations are composed of a diverse set of maternal lineages that diverged Ն10,000 years ago (55) . This is similar to our inference that most of the 13 Jewish Y-chromosome haplotypes in Fig. 1 predate the origin of Jewish populations.
In summary, the combined results suggest that a major portion of NRY biallelic diversity present in most of the contemporary Jewish communities surveyed here traces to a common Middle Eastern source population several thousand years ago. The implication is that this source population included a large number of distinct paternal and maternal lineages, reflecting genetic variation established in the Middle East at that time. In turn, this source diversity has been maintained within Jewish communities, despite numerous migrations during the Diaspora and long-term residence as isolated subpopulations in numerous geographic locations outside of the Middle East.
